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Abstract: Mine wastes and tailings derived from historical processing may contain significant con-
tents of valuable metals due to processing being less efficient in the past. The Plombieres tailings
pond in eastern Belgium was selected as a case study to determine mineralogical and geochemical
characteristics of the different mine waste materials found at the site. Four types of material were
classified: soil, metallurgical waste, brown tailings and yellow tailings. The distribution of the mine
wastes was investigated with drill holes, pit-holes and geophysical methods. Samples of the mate-
rials were assessed with grain size analysis, and mineralogical and geochemical techniques. The
mine wastes dominantly consist of SiO2, A2Os and Fe20s. The cover material, comprising soil and
metallurgical waste is highly heterogeneous in terms of mineralogy, geochemistry and grain size.
The metallurgical waste has a high concentration of metals (Zn: 0.1 to 24 wt.% and Pb: 0.1 to 10.1
wt.%). In the tailings materials, Pb and Zn vary from 10 ppm to 8.5 wt.% and from 51 ppm to 4
wt.%, respectively. The mining wastes comprises mainly quartz, amorphous phases and phyllosil-
icates, with minor contents of Fe-oxide and Pb- and Zn-bearing minerals. Based on the mineralogi-
cal and geochemical properties, the different potential applications of the four waste material types
were determined. Additionally, the theoretical economic potential of Pb and Zn in the mine wastes
was estimated.

Keywords: critical raw materials; geophysics; Mississippi Valley-type (MVT) deposits; Plombieres;
secondary resources; slags; tailings

1. Introduction

The demand for raw and critical raw materials (CRM) is growing day by day. This
results in an increasing dependence of the world on a few countries, such as China, South
Africa, USA and Russia, which are rich in CRM resources. Europe, in general, is highly
dependent on the resources of foreign countries. Therefore, countries of the European
Union are vulnerable to disruptions in CRM supply [1]. In the search for alternative
sources of base metals and CRMs, some of the most promising resources are mine wastes,
particularly tailings.

Tailings are fine-grained products from mineral processing (e.g., crushing, milling,
flotation, etc.), which at the time of mining were categorized as waste. The properties of
the tailings (e.g., mineralogy, grain size, chemistry) strongly depend on both the origin
and treatment of the ore, as well as post-depositional processes [2]. Historic tailings may
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contain significant concentrations of valuable metals, such as important base (e.g., Pb, Zn,
Cu) and critical (e.g., In, Ge, Ga) metals, of which the latter were not previously econom-
ically feasible to recover. Therefore, the investigation of historic tailings is vital for deter-
mining the potential for economic exploitation of the remaining metals of interest [3-5].
Not only this, but the often-high heavy metal content of tailings combined with the pro-
pensity for sulphidic-rich tailings materials to produce acid mine drainage (AMD) means
that tailings could also pose a significant risk to the environment [6,7]. Furthermore, mine
wastes represent a potential risk for humans, as the contained metals and metalloids (e.g.,
Pb, Cr, Cd, As) can enter the human body via inhalation, digestion or even direct contact,
to contribute towards a range of illnesses [8,9].

Individual mine waste dumps can reach up to 100,000 m? [10]. However, there are
often multiple mine waste or tailings dumps of the same or similar material at a single
historical mine site. Historical mining regions have the potential for economic recovera-
bility of metals and re-use of material and often show high risk to the environment [8].
When combining these vast quantities of mine wastes with the potential for both economic
recovery of metals and environmental pollution, it is of great importance to investigate
historic tailings, particularly in Europe, where there is a long legacy of mining, in order to
contribute to a more sustainable circular economy [2,5,11].

Tailings have a broad range of possible applications in the industrial sector. Cur-
rently, tailings and mine wastes in general are used in the production of ceramics (e.g.,
roof tiles, paving stones, bricks), as aggregates in backfilling to provide stability in an un-
derground mine or to replace voids left by extraction of the ore or as aggregates for the
production of asphalt. They can also be used as secondary metal resources [10,12-18]. In-
vestigation into metal extraction from mine wastes typically focuses on multiple rather
than single elements. For example, re-processing of tailings in the Picher mining district,
where Al Ti, Pb and Zn occur in fine tailings particles and mill tailings, was found to be
feasible for recovery at 2013 prices for the listed elements [19]. In another study, the
Unalsky tailings were investigated and showed good recoverability for Pb, Zn, Cu, Fe and
Au using hydrometallurgy metal extractions [20]. More recent studies have started to fo-
cus on the application of different mine wastes in industry, such as the use of both tailings
and waste rock for metal extraction and as an additive in soils [21].

Slags produced during pyrometallurgy also have the potential for re-processing and
re-use. For instance, Pioro and Pioro (2003) used slags for the production of eco-friendly
building materials, based on melting aggregates with submerging combustion. They also
proved that slag can be used as a filler for concrete and asphalt and as additives in the
production of building materials (e.g., cement, roof tiles, brick, etc.) [22]. Kuhn and Meima
(2019) characterized both tailings and slags from the Bergwerkswohlfahrt mine waste
dump in order to assess their economic potential. Their study showed that 8000 t of Pb
and around 17,300 kg of Ag are present in that specific mine waste dump. Taking nearby
dumps into account, there may be enough material for reprocessing of the mine wastes in
the future [10].

At present, most literature in this field focuses on one specific type of mine waste and
either reprocessing of the material for metal extraction or for the application in the pro-
duction of eco-friendly materials. This study aimed to identify the different mine waste
materials present at the Plombieres tailings pond (Belgium) by using a combination of
geophysics and drilling. Following the classification of the different mine waste types,
including both tailings and metallurgical wastes, the materials were characterized to de-
termine potential applications of the material in the industrial sector, as a secondary re-
source, as well as the potential for metal recoverability. To date, there have been no char-
acterization studies of the Plombiéres tailings pond, and in general, of tailings ponds pro-
duced by pyrometallurgical processing of Mississippi Valley type (MVT) ores, as is the
case for the Plombieres mine site [23,24]. Additionally, little or no literature has been pub-
lished about the processing of the ore and deposition of the material within the tailings
pond. A recent study discusses the knowledge gaps in the characterization of mine wastes
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in Europe [25], which clearly demonstrates that many historic mine sites encounter the
same problem.

Although detailed characterization of the Plombieres tailings pond has not been per-
formed, Kucha et al. (1996) investigated and characterized the nearby metallurgical
dumps. The study focused on mineralogical, geochemical and environmental aspects of
the material within the metallurgical dumps (e.g., mining waste and slags) [23]. Such stud-
ies are the first steps towards re-processing of mine waste materials, which could poten-
tially help to meet the demand for raw materials in the European Union, leading to a lower
dependency for their raw materials supply.

2. Location and History of the Plombiéres Tailings Pond
2.1. Site Description

Plombieres is a small town located in eastern Belgium in the province of Liege. The
former mining site of Plombieres is located in the Plombieres—Altenberg-Moresnet min-
ing district (Figure 1). The mining district was historically important for the production of
Pb and Zn in Belgium, from the beginning of mining activities in the Roman period [26]
until 1922 [27]. Processing of the ore was done in Plombiéres, in addition to the mining,.
During this period, around 110,000 t of zinc ore and 115,000 t of lead ore were produced
from Plombieres, with an average grade of ore varying between 10 and 15% [28].

Office du Tourisme
de la Commune de

Figure 1. Map of the Plombiéres area showing the location of the tailings pond (Google Maps, 2019, maps.google.com.).
Red polygon represents the studied area of the tailings pond.

Although the mining started in the Roman period, followed by pre-industrial mining
during the Middle Ages, there was no mining activity in this area during the 17th and
18th century [29]. Mining activities reached a peak in the middle of the 19th century. Dur-
ing the 19th century, ores from Greece and Spain, with high concentrations of hazardous
elements such as As, Hg and Cd were also imported. The mining activities ended in 1922,
and in 1998, Plombiéres was classified as a nature reserve [27].

The tailings pond covers an area of around 8000 m?, but the age of its deposition is
unknown. The tailings material is covered with soils and metallurgical waste (e.g., slags)
from the processing plants. Additionally, pipes that were used to melt and process the ore
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are incorporated into the metallurgical waste. Despite there having been no phytoreme-
diation at the studied site, zinc violets occur there, which is indicative of high zinc content
in the soils [30].

2.2. Geological Setting of the Plombiéres Mineralization

The Plombieres tailings were produced by the processing of Mississippi Valley-type
(MVT) ore from the Plombieres—Altenberg-Moresnet mining district. MVT ores are typi-
cally characterized by strata-bound Zn—-Pb sulphides occurring within the carbonate host
rock (e.g., karst pockets, breccias, replacing dolostones). Primary mineralogy mainly con-
sists of sphalerite (ZnS), galena (PbS) and pyrite/marcasite (FeSz). The most common
gangue minerals are carbonates (calcite and dolomite) and quartz. This type of ore is most
commonly exploited for metals such as Pb, Zn and Ag. MVT deposits are formed by low
temperature and high salinity fluids [31,32]. The Plombieres deposit itself is one of four
large Zn-Pb deposits in eastern Belgium [28].

The Plombieres—Altenberg—Moresnet mining district is located in the Verviers syn-
clinorium, which formed during the Variscan orogeny [28]. The lithostratigraphic column
consists, from bottom to top, of Famennian sandstone and shale, Tournaisan dolomite,
Visean limestones and Namurian shales. The folded Paleozoic strata are cross-cut by NW-
SE oriented faults which were active during the Mesozoic. The sulphidic Pb—Zn deposits
in eastern Belgium, including Plombieres, are overlain by Cretaceous sediments of the
Aachen formation [33-35].

The primary mineralization assemblage comprises galena, sphalerite and pyrite/mar-
casite with low content of Ni and Co in the Fe sulphide minerals. The ore minerals form
collomorph structures that are often brecciated [31]. Secondary phases include smithson-
ite, hemimorphite, willemite, cerussite, limonite and siderite, which result from the
weathering of the primary ore. The main gangue minerals include carbonates, quartz and
clay phases [29]. The mineralization did not extend into the Aachen formation. This indi-
cates that emplacement of the ore happened between the end of the Variscan orogeny (ca.
295 Ma) and the Late Cretaceous (ca. 100 Ma) [36].

3. Methodology
3.1. Sampling and Sample Preparation

The tailings pond was investigated with 20 drill holes in a 40 m by 80 m grid. Sam-
pling started with 6 exploratory drill holes that were used to constrain a grid of 15 addi-
tional drill holes (Figure 2) based on where tailings material was found, while also avoid-
ing vegetation and slopes, where there are large amounts of whole pipes and metallurgical
waste. Additionally, two pit-holes were made. Sampling was performed using a 1 m long
cylinder, 8 cm in diameter, which was attached to a Ramguts hammering head. Metal
extension bars of 1 m were used to sample to larger depths (up to 3.5 m). A hydraulic
pumping system was used to lift the drilling bars and the sampling cylinder.

During sampling, four types of material (soil, metallurgical waste, brown tailings and
yellow tailings) were defined based on their macroscopic properties, i.e., the presence of
different fragments, grain size and color. Samples were taken, in intervals of 40 cm for
metallurgical waste, every 20 cm for tailings material and one sample of soil per drill hole.
In order to characterize the samples, they were first dried at 40 °C, which took 3 to 6 days
depending on the type of material. After the samples were dried, they were de-agglomer-
ated with a pestle and mortar and split into two increments using a riffle splitter. One split
was ground to a powder (<64 um) using a pulverizing mill for mineralogical and geo-
chemical analysis. The second split was used for grain size measurements [37].
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Figure 2. Map of the Plombieres site, showing the orientation of the profiles studied with geophysics. The yellow line
represents the short profile, and the blue line the long profile [38]. The red line represents the studied area of the tailings
pond. The map also shows the sampling points. Orange dots represent the points where exploratory boreholes were made.
Black dots represent the points where only drill holes were made, while green dots represent points where both drill holes
and pit-holes were made [38].

3.2. Geophysical Survey

The application of geophysical techniques has been shown to be a sufficient method
for exploration of the mine waste [39,40]. However, a multidisciplinary approach is
needed when characterizing tailings ponds, as one single method can give misleading re-
sults [39]. Therefore, a geophysical survey was performed, combining electrical resistivity
tomography (ERT) with induced polarization (IP). ERT is a non-destructive geo-electrical
method that measures the electrical resistivity of the sub-surface materials. Geo-electrical
characterization can be improved by measuring the chargeability, i.e., ability of a soil to
polarize under an electrical field, provided by the IP method. The results depend on min-
eralogy, particle sizes, the porosity of the measured material and the presence of water
[39].
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The geophysical survey was performed to estimate the total amount of tailings ma-
terial in the pond in order to assess the economic potential of the tailings pond. Addition-
ally, geophysical surveys can allow the observation of deep internal structures of the tail-
ings pond that cannot be reached with the shallower drill holes. In addition to ERT, other
geophysical techniques can be applied for characterization of the tailing material. For ex-
ample, magnetic susceptibility surveys can be used as a semiquantitative tool for the char-
acterization of different mine wastes to make a correlation between chemical process (e.g.,
oxidization of pyrite) occurring within the tailings material [40].

Tomography measurements use electrode connected by a multi-core cable to an im-
aging system [41]. Better resolution is achieved by using short electrode spacing, but the
depth that can be measured is then reduced [41,42]. For this research, a gradient configu-
ration with a separation factor of 8 was used [41]. Two profiles with 64 equally spaced
stainless-steel electrodes were deployed (Figure 2) as follows:

¢ Along profile—189 m long with a spacing of 3 m between electrodes (P1)

e A short profile—47.25 m long profile with a spacing of 0.75 m between electrodes

(P2)

Both profiles were along the same line with an SW to NW orientation. The orientation
of the profiles was chosen in order to pass through as much sampling points as possible
for validation purpose. Due to logistic constraints, only these two profiles were made.
Nevertheless, these two profiles provided sufficient simultaneously information on the
anthropogenic deposits and the host rock at the same location. The imaging system used
for data acquisition was the ABEM Terrameter LS (12 recording channels, resolution of 3
nV at 1 s integration time, ABEM, Liége, Belgium). Electrical current was injected for 1 s,
and the voltage decay after the current cut off was measured for 1 s. In order to estimate
data quality, measurements were repeated twice. Measurements exhibiting a repetition
error larger than 5% were discarded from the dataset. Data inversion was carried out with
Boundless Electrical Resistivity Tomography(BERT) using a robust constraint on the data
and a smoothness constraint on the model [43]. The models obtained with BERT satisfy
the error weighted chi-square, x2 = 1, meaning that the data are fitted to their estimated
error level. Among the tools available to appraise the quality of models obtained after
inversion [44], the depth of investigation index (DOI) was selected to estimate the explo-
ration depth [45]. Using DO, the latter was estimated to around 40 m for P1 and 10 m for
P2.

3.3. Laser Diffractometry

The particle size distribution of the materials found at the Plombieres site was meas-
ured, using a Beckman Coulter LA 13320 laser diffraction particle size analyzer, at the
Geo-Institute of KU Leuven (Leuven, Belgium). A total of 103 samples was measured. As
the laser passes through a cloud of the particles to be measured, the beam encounters the
particles and is scattered at an angle inversely proportional to the grain size [46,47]. The
data were subsequently processed by applying the Mie scattering technique [48]. Samples
were classified according to the standard Sheppard classification [49]. Prior to the meas-
urements, the samples required removal of any cement and flocculants that might be pre-
sent. The standardized “Jackson treatment” procedure was used to liberate the particles
and consists of three successive steps [50]. Firstly, the carbonate cement was removed by
mixing 5 g of sample with 75 mL of sodium acetate buffer and leaving the mixture over-
night at room temperature. The mixture was centrifuged to separate the sample and the
buffer. Again, 75 mL of sodium acetate was added to the sample and the mixture was put
in an ultrasonic bath for 5 min. Afterwards, the sample-buffer mixture was heated to 80—
90 °C on a hot plate and stirred for 30 min. After cooling, the mixture was once again
centrifuged to remove the buffer. Secondly, organic matter was removed by mixing the
sample with hydrogen peroxide and sodium acetate buffer. The sample was placed in a
large beaker with 50 mL of sodium acetate buffer and heated to 70 °C. In subsequent steps,
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5 mL of hydrogen peroxide was added until no reaction took place. After the reactions
ceased, 10 mL of hydrogen peroxide was added, and the mixture was heated at 70 °C for
three hours. After cooling, the sample-buffer mixture was centrifuged to remove the
buffer. The third step involved the removal of FeO(OH), with 45 mL of sodium citrate
being added to the centrifuged sample, and the mixture was heated to 75-80 °C. When
the appropriate temperature was reached, 1 g of sodium dithionite was added, and after
5 min an additional 1 g was added. This was repeated once more with 2 g. After cooling,
the mixture was again centrifuged to remove the sodium citrate and sodium dithionite.
The samples were dried at 60 °C, and 1 g of the prepared sample was mixed with water
and put in an ultrasonic bath to prevent coagulation [50,51].

3.4. X-Ray Fluorescence

Geochemical analyses were performed at the University of Liege (Liege, Belgium)
using X-ray fluorescence (XRF) on a total of 115 samples. An ARL PERFORM-X 4200 XRF
equipped with a Rh-tube and using a mixture of Ar-CHs gas was used for the measure-
ments. A standard program was applied for the measurement of the 10 major elements:
Si, Al, Ti, Fe, Mg, Ca, Mn, K, Na and P. Calibration curves were obtained by measuring a
series of 47 to 66 international standards (rock samples with a few minerals and two soils).
The UniQuant software (version 6.0) of ThermoFisher was used to detect and quantify
minor and trace elements [52]. The detection limit for trace elements was 10 ppm. Glass
beads were prepared for major element analyses by first drying the sample at 1000 °C for
two hours in the oven. After cooling, 0.35 g of sample was mixed with 3.85 g of flux (lith-
ium tetraborate) and LiBr (0.0020 + 0.0002 g) and melted in a platinum crucible to form
glass beads. Pressed pellets were prepared, for measuring the trace elements, by mixing 7
g of sample with 5 mL of glue (polymer consisting of C and H in solution) and acetone to
prevent hardening and then hydraulically pressing the mixture to form a pellet.

3.5. X-Ray Powder Diffraction

Based on the macroscopic descriptions, the grain size and geochemical analysis, 40
representative samples were carefully selected for bulk mineralogical analysis to deter-
mine the mineralogy of the mine wastes. X-ray powder diffraction analyses were per-
formed at the Geo-Institute of KU Leuven. The powdered sample was split using a shear
splitter in order to obtain a representative sample of 1.8 g. The 1.8 g sample was subse-
quently mixed with 0.2 g of zincite, which was used as an internal standard. The samples
were then homogenized, mixed with ethanol, milled in a McCrone micronizing mill and
finally dried. The resulting powder (<64 um) was put into a powder mount for measure-
ment. A Philips PW 1380 diffractometer was used at a voltage of 45 kV and a current of
30 mA, and it was equipped with CuKalpha radiation, a graphite monochromator, a re-
ceiving slit width of 1 mm and a continuous scanning mode. The 20 range was from 5° to
70° with a step size of 0.02° and a counting time of 2 s. The time of the measurements was
1 h and 40 min. Mineral phases were identified and quantified using the Profex 4.0 soft-
ware, and Rietveld refinement was performed using the BGMN program [53], which is
integrated into the software. In addition to XRD, samples were studied with scanning
electron microscopy (SEM) at the Helmholtz Institute Freiberg (HIF) for resource technol-
ogy. SEM was used to confirm the presence of different minerals and phases in the mate-
rial, based on the morphology and texture of the grains, as well as their back-scattered
electron (BSE) intensity. Phases with higher average atomic numbers have a higher BSE
intensity and are brighter in the grey-scale images compared to phases with lower average
atomic numbers. Therefore, Pb- and Zn-bearing phases could be easily distinguished by
their high BSE intensity. In general, SEM has been proven to be a good method for char-
acterization of mine wastes due to the easy identification of valuable and sulphide miner-
als (e.g., pyrite), which typically have a high BSE intensity, even if they are fine-grained

[7]-
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4. Results and Discussion
4.1. Classification of Mine Waste Material Types

The mine waste materials sampled at the Plombieres site were subdivided into four
mine waste types: soil, metallurgical waste, brown tailings and yellow tailings (Table 1).
The materials were classified based on macroscopical properties, such as color, grain size
and the presence of different fragments. The results in the following sections are presented
and discussed according to the defined material types.

Table 1. Macroscopic description and average thickness of the four types of material present in the drill and pit-holes at

the Plombieres site.

Material Type Color Thickness Other Properties
Soil Dark brown 0.1-0.2m Fragments of slag are often present
Metallurgical Dark grey to black 0.6-1.9 m Fragments of slag, pipes, ceramics and
waste mortar are often present

Brown tailings

Yellow tailings

Dark brown—grey green 0.4-2.4m
Light brown—yellow—

Often thin layers of weathered ceramics
are noticed

|—{ * -
white 5.0-6.0 m

* Value estimated based on geophysical measurements.

A clear vertical succession of the different materials was observed in each of the 20
drill holes and pits (Figure 3). Approximately 0.15 m of soil was found to be followed by
~1.70 m of metallurgical waste, consisting of crushed slag material, pipes that were used
for smelting of the ore and building material (ceramics and mortar) of the historical fac-
tory. Due to the presence of large fragments of hard material in this layer, drilling through
it was not always possible. The fragments varied in size from a few mm up to 50 cm or
more. Often, the larger pieces of the pipes contained fragments of slag materials (Table 2).
The metallurgical layer continued down to the brown tailings, consisting of dark brown
silt material, with an average thickness of 0.8 m. Following the brown tailings was a yel-
low to light brown silty material, exhibiting white stains. This material was classified as
yellow tailings, with the only difference to the brown tailings being the color. The average
thickness of the yellow tailing could not be determined by the drill cores, since the maxi-
mum depth of the tailings exceeded the depth of drilling.

In all drill holes, the transition between layers for all types of material was clear. In
several drill holes, the residue of the metallurgical processes (slags or brick material) also
occurred in the upper part of the brown tailings layer. The thicknesses of the layers varied
across the tailings pond (Table 1). The clear transition between layers indicated that the
tailings material was deposited over time and subsequently covered by smelting pipes,
slags and rubble from the processing plant. There is no documentation of when the cov-
ering of the tailings pond took place.
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Figure 3. (a) Thin layer of soil (to the right), followed by a thick layer of metallurgical waste (b) Thick layer of brown
tailings and transition to the yellow tailing (to the left). (c) One meter of yellow tailings.

Table 2. Information about the location, depth and type of sampling.

D Coordinates Length (m) Type
N E

44 50°44.080' 5°57.763' 0.9 Drill hole
45 50°44.076' 5°57.759' 2.5 Drill hole
46 50°44.098' 5°57.735' 0.7 Drill hole
47 50°44.082' 5°57.744' 24 Drill hole
48 50°44.070" 5°57.771' 15 Drill hole
49 50°44.076' 5°57.777' 1.0 Drill hole
50 50°44.077' 5°57.780' 1.0 Drill hole
51 50°44.085' 5°57.767' 35 Drill hole
52 50° 44.092' 5°57.754' 1.0 Drill hole
53 50°44.099’ 5°57.740' 35 Drill + pit hole
54 50°44.104' 5°57.727' 1.0 Drill hole
55 50°44.095' 5°57.719' 3.5 Drill hole
56 50°44.087' 5°57.732' 2.4 Drill hole
57 50°44.075" 5°57.756' 24 Drill hole
58 50°44.065' 5°57.769' 1.9 Drill hole
59 50°44.057' 5°57.762' 0.9 Drill hole
60 50° 44.065' 5°57.750' 1.0 Drill hole
61 50°44.071' 5°57.737' 3.0 Drill hole
62 50°44.080’ 5°57.723' 2.0 Drill + Pit hole
63 50°44.087' 5°57.708' 1.0 Drill hole

4.2. Geophysical Survey

The results of the geophysical survey, performed by combining ERT with IP, are

shown in Figures 4 and 5 for the longer Profile 1 (P1) and shorter Profile 2 (P2), respec-
tively. P1 was used to estimate the thickness of metallurgical waste and tailings and the
depth to the bedrock. At approximately 8 m depth (and up to 15 m in some places), there
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was a transition from low to high electrical resistivity (Figure 4a), indicating a change of
lithology. Based on the resistivity characteristics of the material below this depth range
and the geological maps of the Plombieres deposit, the more resistive structure was inter-
preted to be the bedrock. The vertical resolution in this profile was too low to distinguish
the four different types of the material identified during sampling and the boundaries
between them. However, a large zone with high chargeability could be observed from 55
m to 155 m along the profile, with a thickness of >10 m in places. This anomaly likely
delineates the extent of the deposition area and originates from the presence of electroni-
cally conductive minerals disseminated in the anthropogenic material. The small spots of
higher chargeability observed from 25 m to 55 m, close to the surface, suggest the presence
of other anthropogenic deposits, in addition to the main deposit, but with less vertical
extent. The electrical resistivity and chargeability models also revealed vertically oriented
structures centered at 105 m and 179 m. Their electrical properties differed highly from
the bedrock properties. They could have been caused by collapsed mine tunnels (Rudy
Swennen, pers comm. May 2020). The underground mines collapsed due to large amount
of water intrusion in the underground mines. This caused the collapse of the underground
mine at Plombieres [54].

In Figure 5, the distribution of the four types of the material identified in the drill
holes (i.e., the material units) situated near P2 are compared with geophysical results. A
highly resistive and chargeable structure was found close to the surface, corresponding
mainly to the metallurgical waste, as confirmed by the drill hole data. Brown and yellow
tailings were also characterized by high chargeability, but with lower values. The lower
resistivity (<100 Ohm.m) likely indicates a higher water content, i.e., the presence of a
groundwater table. Given the relative thinness of the soil layer (0.1-0.2 m), no difference
could be observed between the soil and the metallurgical waste based on the geophysics.
Additionally, the electrical contrast between the brown and yellow tailings was not suffi-
cient to differentiate these two types of material.
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Figure 4. Inversion results for P1: (a) electrical resistivity model, (b) chargeability model and (c) normalized sensitivity
model. The electrodes are represented by black circles. The extent of the second profile (P2) is shown by the dashed lines.
Charg —Chargeability, Sens—Sensitivity.
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4.3. Grain Size Distribution

For the purpose of this study, the grain size distributions of 103 samples were ana-
lyzed and classified using the Sheppard classification [50]. Based on the grain size, three
sizes of fractions are defined as sand (<2 mm to 62.5 pm), silt (62.5 um to 4 um) and clay
(<4 pum). The Sheppard classification is illustrated as a ternary diagram that defines 10
classes based on the proportions of the sand, silt and clay fractions.

Grain size analyses of the soil layer (16 samples) revealed an average distribution of
57% silt, 30% sand and 13% clay, resulting in the samples being classified as sandy silt
(Figure 6). The large variation of the grain size distribution is directly related to the pres-
ence of the pyrometallurgical slags in the samples (Figure 6). During sampling and mac-
roscopical description, the different sizes of slag fragments could be clearly seen. Most
often, the slags were crushed to silt size, but occasional larger fragments, ranging from a
few millimeters up to a few centimeters, were observed.
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The metallurgical waste samples (33 samples) were classified as sandy silt to silty
sand. The average grain size distribution of 55% silt, 33% sand and 12% clay gave an av-
erage sandy silt texture. The similarity between the soil and metallurgical waste resulted
from the presence of slags, which were often present in both layers (Figure 6). Comparison
with the mineralogical analyses confirmed that the samples with a more sandy grain size
were indeed richer in slag phases.

The tailings layers showed less variability in the grain size distribution in comparison
to the soil and metallurgical wastes. In both “brown tailings” (21 samples) and “yellow
tailings” (33 samples), the most dominant fraction was silt, while the clay and sand frac-
tion were present in similar amounts (Figure 6). The difference in the classification of the
tailings while sampling was based on macroscopic properties, i.e., the clear difference in
color. However, the change in the color was not accompanied by any difference in the
texture of the material. This has now been confirmed by the very similar particle size dis-
tribution of the two tailings types.

Clay

@Soil

@Metallurgical waste
@Brown tailings
OvYellow tailings

Sand Silt

Figure 6. The grain size analysis of different anthropogenic units identified at Plombieres (modi-
fied after Sheppard, 1954 [49]).

4.4. Geochemistry of Plombieres Material

The results of the XRF analyses (Figure 7a—d) showed that the different mine waste
materials are dominated by SiO2 (57-77 wt.%) in term of chemical composition. The ele-
ment with the second-highest concentration was aluminum (Al20s), followed by elements
such as Fe20s, TiO2, MnO, MgO, CaO, Na:0, P05 and K20. Typically these elements oc-
curred in the following order of abundance in all material types: ALOs (8.3-8.8 wt.%) >
Fex0s (3.9-6.3 wt.%) > K20 (1.2-1.8 wt.%) > CaO (0.4-1.3 wt.%) > TiOz2 (0.5-0.7 wt.%) = MgO
(0.5-0.6 wt.%) > Naz0 (0.1-0.4 wt.%) > P20s (0.1-0.3 wt.%) = SOs (0.1-0.3 wt.%) > MnO (0.1
wt.%). Note that the range of values given represents the range of average values for the
four different types of material rather than the range of all individual samples. In contrast
to the previously mentioned elements, the main elements of interest, including Pb, Zn,
Ga, As, Cr and Cd, followed no discernable pattern between the material types. An exam-
ple of that can be observed with Pb and Zn. In soils (2.8 wt.% Pb, 3.4 wt.% Zn), metallur-
gical waste (2.8 wt.% Pb, 3.3 wt.% Zn) and yellow tailings (0.2 wt.% Pb, 0.2 wt.% Zn), Pb
was always present in a lower concentration than Zn, whereas in the brown tailings, Pb
(2.0 wt.%) had a higher content than Zn (0.8 wt.%).
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Based solely on their geochemistry, soil and metallurgical waste could not be distin-
guished (Figure 7a,b). The samples were primarily distinguished by macroscopic obser-
vations during sampling and later on by the mineralogical composition. The similarity
between these two material types implies that the soils most likely developed on the top
of the metallurgical waste, since soils usually inherit the chemical properties of the parent
material, which would be a metallurgical waste in this case [55]. Natural processes acting
on the underlying metallurgical waste, combined with the decay of plant material, would
explain the fragments of the parent material mixed with fine-grained material and the
organic-rich nature of the soils [56]. There is no written evidence that the metallurgical
waste was covered with soil from elsewhere. In other areas, the soil was not able to de-
velop due to erosion by wind and water and the topographic high rather than the original
depression of the pond.

The major geochemical differences observed between the soil and metallurgical
waste, on one hand, and the two types of tailings, on the other hand, were the concentra-
tions of Fe, Pb, Zn, As and Cd, which were significantly higher in the soil and metallurgi-
cal waste layers. As was below the detection limit in both brown and yellow tailings, while
Cd was under the detection limit in only the yellow tailings (Figure 7e). This implies that,
even if acid mining drainage were to be produced from the tailings, As and Cd are un-
likely to be leached into the environment in significant quantities. The soils and metallur-
gical waste contained, on average, 6.2 + 0.1 wt.% Fe, 3.3 + 0.1 wt.% Zn, 2.8 wt.% Pb and
153 +2 ppm As. Although the soils and the metallurgical waste could not be distinguished
based on geochemical data, the brown and yellow tailings could be distinguished based
on the Pb and Zn content (Figure 7a-d). The brown tailings had metal concentrations of
1.6 wt.% Pb and 0.8 wt.% Zn, while the yellow tailings contained 0.2 wt.% of both Pb and
Zn.

The Pb content in the metallurgical waste was highly variable, from a minimum of
0.1 wt.% up to a maximum of 10.1 wt.%. Similarly to Pb, Zn was highly variable in the
metallurgical waste (0.1 up to 24 wt.%), as well as in the brown tailings (a few hundred
ppm up to 4.0 wt.%). This high variability in the metal content could be a result of the
nugget effect caused by the sampling of the material [57]. The strong heterogeneity of the
material that was observed during drilling, particularly of the metallurgical waste, must
also be taken into account and is likely exacerbating the nugget effect (e.g., Dominy et al.,
2003 [57]). The irregular presence of fragments of metallurgical waste in the brown tailings
could be contributing to the high variability in metal contents.

Based on the geochemical analyses, combined with drill core logging results, it ap-
pears that the soils, metallurgical waste and brown tailings materials are the most suitable
materials for metal extraction due to their higher metal contents. With its low contents of
the metals of interest, the yellow tailings could be considered as potential material for raw
material for ceramics. To assess potential uses of the materials, in Section 4.8, the geo-
chemistry results are combined with the mineralogical results and compared to regula-
tions for ceramics production.
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Figure 7. Whisker plots of the elemental concentrations for different anthropogenic units identified at Plombiéres: (a) soil,
(b) metallurgical waste, (c) brown tailings, (d) yellow tailings, (e) values of Ga, Cr, As and Cd in the soil (red), metallurgical
waste (green), brown (blue) and yellow (yellow) tailings.

4.5. Mineralogy of Plombiéres Materials

Mineralogical analyses of all four materials, with quantitative XRD, revealed a com-
position of mainly quartz (SiOz), muscovite (KAl2(AlSis)O10(OH)2) and amorphous phases
(Figures 7 and 8a—d). Many other minerals were present in lower abundances, including
feldspars (plagioclase ((NaAlSisOs-CaAlzSi20s) and K-feldspars ((KAlSisOs)), galena
(PbS), anglesite (PbSOs), cerussite (PbCOs) plumbogummite (PbAl(POs)2(OH)5-H20),
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willemite (Zn2SiOs), chlorite ((Mg,Fe)s(Si, Al)4O10(OH)2-(Mg,Fe)s(OH)e), goethite
(Fe>*O(OH)), cristobalite (SiO2) and clay minerals.

Taking the primary ore, the host rock and processing of the ore into account, this
mineralogy is consistent with the mineral phases that could be expected to be found in the
Plombieres materials [18]. Quartz, muscovite, feldspars, chlorite, calcite and clay minerals
originate from the filling found in karst pockets. Little published information exists of the
processing of the ores at Plombieres. However, it is known that during the washing of the
ore, light and heavy fractions were separated. The light fraction was considered to be
waste and was discarded, while the heavy fraction was considered as a concentrate and
was further treated. Afterwards, the ore was crushed and treated in a reverberatory fur-
nace [58]. The light fraction from cleaning, which was disposed of, would most likely be
comprised of the less dense silicate minerals, which dominate the mineralogy of the waste
materials. The later pyrometallurgical processing would have produced the metallurgical
waste that is found over-lying the tailings materials.
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Figure 8. Whisker plots of the mineralogical composition for different anthropogenic units identified at Plombieéres: (a)
soil, (b) metallurgical waste, (c) brown tailings, (d) yellow tailings. Fe —iron minerals (goethite, lepidocrocite); Pb—lead
minerals (galena, anglesite and plumbogummite), others—chlorite, rutile, titanite and cristobalite, Amf—amorphous

phase.

The soils were typically characterized by approximately equal amounts of quartz
(34.5 + 8.4 wt.%), muscovite (21.9 + 20.5 wt.%) and amorphous phases (31.5 + 19.2 wt.%).
These three phases alone comprised more than 85 wt.% of the sample (Figure 8a). The
other minerals present in soils were clay minerals, feldspars, goethite and cerussite. Sim-
ilarly to the soils, the most dominant phases in metallurgical waste were quartz (53.1 +



Minerals 2021, 11, 28

17 of 27

20.9 wt.%), muscovite (15.2 + 11.2 wt.%) and amorphous phase (24.2 + 20.2 wt.%) (Figure
8b). Where quartz was enriched in the samples, the color was paler and greyish, whereas
the samples richer in the amorphous phase were darker in color. Other minerals present
included felspars, goethite and anglesite, in significantly lower abundances.

The brown tailings varied from green-brown to dark brown in color, while the yel-
low tailings were light brown to light yellow with white stains. Based on the mineralogy,
the two tailings types could not be differentiated by their quartz, muscovite, amorphous
phase or feldspars contents. Instead, they could be distinguished by the contents of Pb-
(anglesite and plumbogummite) and Fe-bearing (goethite) minerals. Brown tailings con-
tained an average of 1.4 wt.% Pb-bearing minerals, but low contents of Fe-bearing miner-
als. On the contrary, Pb-bearing minerals were not identified in the yellow tailings, while
the content of Fe-bearing minerals varied from 0.1 to 0.8 wt.%. The difference in color
between the brown and yellow tailings is likely related to the transition from more Pb-
rich and Fe-poor tailings (brown) to Pb-poor and Fe-rich tailings (yellow) as depth in-
creases, which is reflected in the mineralogy of the tailings layers.

As previously mentioned, the waste material had high contents of amorphous phases
(Figure 9a—d). They were identified in the XRD diffractograms as broad peaks with low
intensities. In contrast, mineral phases produced distinct peaks when analyzed with XRD,
with the intensity of the peak depending on the amount of the mineral phase present.
However, the broad and low-intensity peaks of the amorphous phases can hide low-in-
tensity peaks of mineral phases present in a small amount [59]. Therefore, the presence of
the amorphous phase in the Plombieres samples may have resulted in some minor and
trace mineral phases being missed. Although little information can be found in the litera-
ture on how the Plombieres ore was historically processed, pyrometallurgical processes
were used, and therefore the amorphous phases represent smelting slag [11]. This was
confirmed by the macroscopic description of the materials made during the sampling
campaign, and by the shapes and textures observed by scanning electron microscopy
(SEM) (Figure 10c). Helser and Cappuyns (2020) came to the same conclusion about the
amorphous phases being slags when studying materials from Plombieres [8].

The variability of some of the major minerals (e.g., Pb-bearing minerals in the soils,
metallurgical waste and brown tailings) was very high, even within the different material
types. This was associated with the high heterogeneity of the first three layers. For the
soils and metallurgical waste, the heterogeneity was influenced by the presence of the
slags in highly variable amounts. The soils could comprise 10 to 60 wt.% of slag, while the
metallurgical waste contained from 0.2 to 60 wt.% slags. Contrary to the geochemical re-
sults, a clear difference between soil and metallurgical waste could be established. Slag
was variably present, comprising between 0 and 13 wt.%. In samples where the slag was
highly abundant, the muscovite content was lower (i.e., at around 6 wt.%).

The primary ore mineral found in the metallurgical waste and brown tailings was
galena, which was detected with XRD and identified with SEM. Additionally, pyrite was
also found to be present by SEM. As can be seen from SEM, galena was locked with an-
glesite or agglomerated with different minerals (Figure 10a,d), while pyrite was locked
with goethite or with slag (Figure 10b).
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Figure 9. Diffraction spectra of the different mine waste material samples: (a) soil, (b) metallurgical waste, (c) brown tail-
ings, (d) yellow tailings. Qtz—quartz, Ms—muscovite, Fel—feldspars, Cer—cerussite, Ang—anglesite, Cri— cristobalite,
Fra—Franklinite, Wil—Willemite and Mag—magnetite. Peaks not marked are zincite, which was used as an internal
standard.

Neither calcite (CaCOs) nor pyrite were detected with XRD, but they were later ob-
served with SEM (Figure 10b,d). Considering that the acid-generating minerals are encap-
sulated in their secondary phases, there is a small chance that they will generate acid mine
drainage and the leaching of heavy metals into the environment. In contrast, grains of
calcite, an acid buffer, are typically either completely or partly liberated, thus showing a
potential to neutralize any acidity that could be caused by acid mine drainage [11,60,61].
Several leaching tests were performed by Helser and Cappuyns (2020) on different mine
waste material from Plombieres. They concluded that the highest leaching of metal(loid)s
occurred under acidic and highly alkaline conditions, while metal(loid) leaching was low
in neutral and alkaline conditions. The highly acidic and alkaline pHs are not likely to
occur in a natural environment [8], and therefore, the potential for acidic and metal-rich
waters leaching from the Plombieres mine site is low.
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Figure 10. Photographs taken by SEM microscopy. (a) Composite grain of galena and anglesite. The lighter part of the
grain is galena, while the darker grey part is anglesite. (b) Pyrite grain weathered to secondary phase (goethite). (c) Grain
of slag with the inclusion of bright phases likely droplets of metallic phases. (d) Calcite grain agglomerated with grains of

galena.

Overall, the mineralogical results are consistent with the geochemical analyses for all
material types. Considering that quartz is the most abundant mineral in all four materials,
combined with the presence of silicate minerals (e.g., phyllosilicates, feldspars), the min-
eralogy clearly supports that Si is the most abundant element in all samples. Aluminum
mainly originates from the phyllosilicates (muscovite and clay minerals) and feldspars.
Calcite and plagioclase feldspar are the sources of Ca, while K originates from phyllosili-
cates (muscovite and clay minerals) and K-feldspars. Other elements typically occur in
low concentrations, and most likely occur in accessory minerals (e.g., P from plumbogum-
mite, S from galena and anglesite).

4.6. Lead and Zinc Distribution

The main elements of economic interest remaining in the Plombieres mine waste ma-
terials are lead (Pb) and zinc (Zn). Therefore, it is important to understand their distribu-
tion. Figure 7 exhibits the variability of the Pb and Zn contents, depending on the material,
but also the high variability of these metals within the material types. As previously men-
tioned, the high variability of the metal concentration is due to the heterogeneity of the
material, especially metallurgical waste and soils. The maximum concentrations of Pb and
Zn were found to occur in the metallurgical waste > soil > brown tailings > yellow tailings.
Based on the low contents of Pb and Zn, and the absence of Pb- and Zn-bearing minerals
in yellow tailing (Figures 7d and 8d), it can be concluded that the separation of gangue
and ore minerals and processing of the ore was efficient, even it was done a long time ago.
It is unknown why there is a compositional difference between the brown and yellow
tailings. It is possible that the difference may be connected to the import of Pb and Zn ore
from Spain and Greece, which were rich in As, Hg and Cd [27]. However, there is no
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documentation of when the tailings material derived from these ores was produced and
deposited. Additionally, the geochemical analysis did not show elevated concentrations
of As, Hg or Cd in the brown tailings, which could have been expected. Based on the XRD
results, the Pb-bearing mineral phases present in the samples included galena, cerussite,
anglesite and plumbogummite (Figure 9a—c). Anglesite and cerussite were most abun-
dant, while galena and plumbogummite were less abundant. Anglesite and plumbogum-
mite were dominantly present in the brown tailings (Figure 9c), while cerussite was
mainly found in soils (Figure 9a).

The content of Pb present in each sample was calculated according to the stoichio-
metric compositions of the Pb-bearing minerals and their concentration. The same calcu-
lation was made for the samples in which Zn-bearing minerals were identified. It can be
seen in Figure 11 that the correlation between the Zn and Pb contents measured with XRF
and those calculated from the XRD results is low. This could be due to the under-estima-
tion of the contents of the Pb- and Zn-bearing phases, as well as other Pb- and Zn-bearing
phases present not being identified by XRD. Additionally, the amorphous phases, mostly
slags, most likely contain Pb and Zn. Kucha et al. (1996) performed analyses on samples
from the metallurgical waste dumps originating from the Plombiéres smelting process.
They found that the slags are mainly Si slags, but also metal-bearing slags occur, contain-
ing Fe (3046 wt.%), Mn (0.9-1.1 wt.%), Zn (1.5-4.3 wt.%) and Pb (1.7-2.2 wt.%) [24]. The
Pb content in the slags was distributed between inclusions of Pb-bearing minerals (e.g.,
galena), lead droplets within the slags and Pb incorporated into the amorphous structure
of the slags [24]. These observations are supported by the findings of this study, where
galena and anglesite were found as inclusions in the slags (Figure 10c).
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Figure 11. Scatter plot of Pb (red) and Zn (blue) values calculated from XRD versus the Pb and Zn
values measured with XRF. Only samples where the Pb or Zn minerals were found were plotted.
The underestimation of the Pb and Zn contents, based on XRD, are clearly shown.
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Based on the results of this study, Pb is dominantly present in anglesite and cerussite,
as well as in the slag phases. This is in agreement with the findings of Kuhn and Meimam
(2019), Moles (2004) and Pascaud (2014), who described anglesite as a major lead source
in historic tailings, as well as several other phases such as cerussite, beudanitete and Fe-
oxyhydroxide [10,62,63]. Zn is assumed to mostly be present in the slag phases, with small
amounts of Zn-bearing minerals present.

4.7. A 3D Model and Resource Estimation of the Plombieres Site

A 3D model of the studied area of the Plombieres site was constructed based on the
drill core logging and the geophysical profiles (Figure 12). Progressive deposition of the
tailings material inside the tailings pond resulted in clear contact between the different
layers, as seen when logging the drill cores. After approximately the first 2 m of cover
material, around 6 m of tailings material are present, according to the results of the geo-
physical survey. Considering the average thickness of the tailings material and the grid-
ded and sampled surface of the Plombiéres site (3200 m?), the total volume of this area is
19,200 m?. The authors could find no information on the total area of the tailings pond in
the literature, but according to the shape of the Plombieres site, the estimated surface of
the pond is approximately 8000 m? (Figure 12). Taking into account an estimated surface
of 8000 m? and an average thickness of 6 m for the tailing material, the total volume is
likely to be around 48,000 m?.

I soil ] ERT long profile

- Metallurgical waste z ERT short profile

Ei/ - Brown tailings
1 Yellow tailings

Figure 12. A 3D model of the distribution of the cover and tailings material at the Plombieres site based on drill core
logging and the geophysical profiles. Blue triangles represent drill hole locations, and green triangles represent the loca-
tions where both a pit-hole and a drill hole samples were taken.

A simple resource estimation of the Plombiéres mine waste was performed based on
the data obtained in this study, including the volumes of the material layers and their
metal contents. Although the highest contents of the metals of interest occur in the soils
(2.8 wt.% Pb, 3.4 wt.% Zn) and metallurgical waste (2.8 wt.% Pb, 3.3 wt.% Zn) layers, the
brown tailings also have a reasonably high content of metals (2 wt.% Pb and 0.8 wt.% Zn).
The yellow tailings layer, despite being the thickest layer (Table 1), has low metal contents
(0.2 wt.% Pb and 0.2 wt.% Zn) and therefore it is unlikely that any metals could be recov-
ered economically. However, individual material types are not suitable for mining sepa-
rately. For instance, in order for the brown tailings to be accessed, the metallurgical waste
must first be removed. Therefore, the grades and volumes of metals in these two layers
were combined for the estimation of an overall tonnage (Table 3). The overall Pb and Zn
grades for the two layers were calculated, with a weighting based on the thickness of the
layers, as 2.4 wt.% Pb and 3.5 wt.%.
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The estimation of the metal tonnages first required estimation of the densities of the
layers of the resource potential and the bulk density of the metallurgical waste. The bulk
density of the metallurgical waste was estimated to be 1.3 t/m3, this being the mean value
given for polymetallic (Pb, Cu, Zn, Cr, Fe) metallurgical waste by Kicinska (2020). For both
tailings layers, the bulk density was assumed to be 2.0 t/m3, according to the review of
Kuhn and Meima (2019), who based the average density on several articles [10,64]. Ac-
cordingly, the total tonnages of Pb and Zn in the metallurgical waste and brown tailings
were estimated to be 279.9 t and 373.3 t, respectively

Table 3. Theoretical tonnages and metals content in the Plombieres tailings pond. MW —metallurgical waste; BT —brown
tailings; YT —yellow tailings.

Material Area  Thickness Volume Density Tonnage Pb Zn Pb Zn Tonnage Pb Zn Pb Zn
(m?) (m) (m?) (t/m?) (ton)  (Wt.%) (wt.%) (wt.%) (wt.%)  (t) Ww ® O
MW 3200 1.7 5440 1.3 7072 28 47 198.0 332.4
BT 3200 0.8 2560 2.0 5120 16 08 24 35 LI 819 41.0 279.9373.3
YT 3200 5 16,000 2.0 32,000 02 02 02 02 32000 640 640 - -
- MW +BT + YT - - 09 13 44192 - - 343.9437.3

According to the typical mineral resource classification schemes (e.g., The Australa-
sian Code for Reporting of Exploration Results, Mineral Resources and Ore Reserves
(JORC), NI 43-101, The Pan European Reserves and Resources Reporting Committee
(PERC), etc.), the estimate made here would be "inferred resources" due to the high un-
certainty of the estimates [65]. This resource estimation is highly simplified since it is
based only on the estimated volumes of the mine waste layers and the corresponding
metal grades, without taking other modifying factors into account, such as recoverability
of the metals, mineral processing method, social license to operate, etc. In particular, it
would be important to first investigate the deportment of Pb and Zn and the textural
properties of the Pb- and Zn-bearing phases, such as liberation, which would strongly
control the potential recoverability of the metals by any processing method. For instance,
slag phases are a major source of Pb and Zb, which makes the extraction of metals more
challenging due to the need for different processing methods. Different processing routes
may be necessary for the material types due to the variation in grain size and composition
between the layers. For example, the metallurgical waste and soils are coarser-grained and
would require milling to reach a similar grain size to the brown tailings, which would
increase the processing costs. Based on the calculated tonnage, the amount of the material
is too low for economic extraction of the metals.

4.8. Implications for Application in the Ceramic Industry

The necessity to increase the re-use of mine waste materials in order to move towards
a more circular economy has led to many examples of tailings materials being used as
aggregates or additives in industrial materials, such as cemented paste backfill [66], geo-
polymer bricks [67] or housebuilding material (e.g., ceramic tiles) [68]. The low contents
of metals and hazardous elements combined with the high amount of silicate minerals in
the Plombieres mine wastes, especially the yellow tailings, are a good indication that the
material could be used in the production of building materials [69]. The Plombiéres yellow
tailings could be considered as metal-poor silt tailings.

Before a material can be used in the building industry, it must satisfy certain stand-
ards, for example, the “Flemish regulation on sustainable management of materials cycles
and waste” (VLAREMA) [70], the requirements for metal concentrations of which are pre-
sented in Table 4. When the concentrations of certain elements exceed the thresholds, the
samples should be tested for leaching and cleaning. The values of metals specified in the
regulations were compared with the metal concentrations of the Plombieres tailings (Ta-
ble 4). The yellow tailings were found to be more suitable for the production of the build-
ing material than the brown tailings, although the values of both Pb and Zn are slightly
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above the maximum values as specified in VLAREMA (2012) [70]. The purity of the ma-
terial also influences the ratio of the material that can be used for production. The cleaner
the material is, the greater the amount that can be used in production without any addi-
tional cost that might come with the cleaning of the material (VLAREMA, 2012) [70]. Ei-
ther the tailings materials from Plombiéres would need to be cleaned to reduce their con-
tents of hazardous elements (increasing the production cost), or they would need to be
used in small amounts in the ceramics.

The metal content, mineralogy and grain size influence the properties of ceramics
[71]. For ceramic production, the preferred size fraction is clay, rather than silt and sand,
to improve the quality of the ceramic products (e.g., strength, resistance to weathering,
porosity, etc.) [72]. In contrast, properties such as coefficients of thermal expansion and
electrical conductivity benefit from a coarser grain size [73]. The Plombiéres tailings are
dominantly silt sized, which makes them suitable as a raw material for ceramic produc-
tion without requiring additional grinding, which lowers the price of production.

Preliminary testing on the production of roof tiles showed good results when incor-
porating 5%, by mass, of the Plombieres tailings into the production mixture [74]. Despite
the preliminary testing showing good results, the amount of tailings material available
(40,000 m?), combined with the Zn- and Pb-rich cover material, hinders the extraction of
the material.

Table 4. Maximum metal and hazardous element contents in the material used for the production of ceramics according
to VLAREMA (2012) [70] compared with average values of the metallurgical waste, brown and yellow tailings materials

at Plombieres.

Metal VLAREMA, 2012 (ppm) Metallurgical Waste (ppm) Brown Tailings (ppm) Yellow Tailings (ppm)

As
Cd
Cr
Pb
Zn

250
10
1250
1250
1250

220 <10 <10
176 <10 <10
160 126 139
28,000 19,768 1725
33,000 7528 1912

5. Conclusions

The Plombiéres site mine waste materials, as with many other historic mine sites,
contain elevated concentrations of valuable metals. The minimum surface area of the tail-
ings pond is approximately 8000 m2. Geophysical measurements combined with drill core
logging show that the average thickness of the two types of tailings (brown and yellow)
is 6 m, which is covered with 2 m of metallurgical waste (slags, pipes used for the smelting
of ores and building material from the washing plant) and soils. A recent drilling cam-
paign (August 2020), with several boreholes up to 5 m deep, confirmed that the yellow
tailings are continuously present until 5 m depth in the tailings pond. Cover material
shows a range of textures, from sand (sand > silt) to sandy silt (sand < silt), while the clay
content is constant. Soil and metallurgical waste samples contain high amounts of SiO2
(=58 wt.%). The total metal content (Fe, Pb, Zn) is, on average, around 12.3 wt.% in the soil
and 12.6 wt.% in the metallurgical waste. Fe is the most abundant metal (=6.2 wt.%), fol-
lowed by Zn (=3.4 wt.%) and Pb (=2.8 wt.%). The most dominant minerals are quartz and
muscovite, which is consistent with the geochemical results, i.e., SiO2, Al2Os and KO are
the main elements. The most dominant size fraction in the tailings is silt, followed in equal
proportions by sand and clay. Both types of tailings present in the Plombiéres tailings
pond contain significant amounts of SiOz (=77 wt.%), Al2Os (8.5 wt.%), K20 (=1.8 wt.%)
and Fe20s(=4 wt.%). Quartz, muscovite and slags are the most abundant phases. The larg-
est differences observed between the two types of tailings are seen in the Pb and Zn con-
tents, as well as in the color. The brown tailings have higher concentrations of Zn (=0.4
wt.%) and Pb (1.6 wt.%) than the yellow tailings (Zn = 0.2 wt.%; Pb = 0.2 wt.%). The main
metals of interest in the studied mine wastes are Pb and Zn. They are found to occur in
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both primary (e.g., galena) and secondary (e.g., anglesite) minerals. The high content of
amorphous phases is associated with metallurgical slags.

A resource estimate was made based on the volumes of the material layers and their
metal contents. It was concluded that it would be most economically viable to extract Pb
and Zn from both the metallurgical waste and brown tailings due to the thickness of these
layers and their metal contents. The tonnage was calculated theoretically as the amount
of Pb and Zn in the metallurgical waste and brown tailings layers. The total tonnages of
Pb and Zn in the metallurgical waste and brown tailings are estimated to be 279.9 t of Pb
and 373.3 t of Zn. Despite the contents of metals remaining in the mine wastes, the poten-
tial for exploitation is hampered by the classification of the Plombiéres area as a nature
reserve. Such factors should also be included in mineral resource estimates as modifying
factors [64], since this means that legislation would make it difficult to get the required
licenses for mining. Additionally, the whole area of Plombiéres is known for tourism and
agriculture.

When the geochemistry of the different mine waste materials were compared to the
Flemish regulations on sustainable management of material cycles and waste
(VLAREMA)[70], it was concluded that only the yellow tailings are suitable to be used as
supplementary material for the production of eco-friendly ceramics. In contrast, the ele-
vated content of metals in the metallurgical waste (As, Cd, Cr, Pb and Zn) and brown
tailings (Pb and Zn) exceed limits given by the legislation. Although the yellow tailings
are potentially suitable, the low amount of material and the Zn- and Pb-rich cover hinder
the exploitation of the material.

Acid-generating minerals (pyrite and galena) are entrapped in their secondary
phases or in slag phases. This reduces the potential for the generation of AMD and the
leaching of heavy metals into the environment. Additionally, acid-buffer minerals (calcite)
are liberated, which means that any acidity caused by acid mine drainage could be neu-
tralized. This indicates that the Plombieres tailings pond represents a relatively low envi-
ronmental threat. However, the abundance of heavy metals in the material, which were
identified in this study, is still significant and therefore should be monitored as a potential
hazard for the environment.

Better understanding of Pb and Zn deportment is necessary for improved assess-
ments of the recoverability of Pb and Zn in the Plombieres mine wastes. Therefore, addi-
tional methods will be used for characterization in the future, including mineral liberation
analysis (MLA) and electron microprobe analysis (EPMA). Based on the overall assess-
ment, further research will be focused on potential extraction methods (e.g., hydrometal-
lurgy) as well as more advance characterization of the materials.
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